In this paper, we present the numerical and experimental demonstration of asymmetric light transmission by a compact photonic crystal (PC) structure, which sustains semi-Dirac cone dispersion. The semi-Dirac point is obtained by exploiting plane-wave expansion method in a rectangular unit cell of a cylindrical dielectric rod, forming a PC structure. The preselected part of the corresponding PC structure is optimized via differential evolution to maximize the transmission efficiency in one direction, and to minimize in the opposite direction. In this regard, finite-difference time-domain method is integrated with the optimization algorithm to numerically design a compact PC structure with asymmetric light transmission effect. The detailed numerical investigation of the optimized PC structure is represented, and the experiments in the microwave regime are performed to verify the numerical results. The experimentally measured transmission efficiency reaches 78% for one direction, whereas in the opposite direction it reduces to 11%. The physical mechanism of asymmetric light transmission is related to differences of the projection of the wave incident from both directions into the eigenmodes of the photonic structure.
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I. INTRODUCTION
Over recent years, asymmetric light transmission (ALT) through an optical system has been an attractive research area due to its fundamental role in designing the next generation of all-optical computing systems [1] [2] [3] [4] . An optical device that provides large difference in transmittance between the forward and backward light wave can be considered as an ALT device. In general, a straightforward way to obtain ALT is the use of optical nonreciprocity. However, according to the Lorentz reciprocity theorem, regardless of any physical constraints and parameters, the time-reversal symmetry is always preserved for light transport in a linear and timeinvariant optical medium. This means that to break timereversal symmetry the optical system should be operating in a nonlinear regime [5] [6] [7] [8] [9] or magneto-optical media must be used [10, 11] . However, this method of achieving ALT has several challenging and practical issues such as noncompatibility with current complementary metal-oxide-semiconductor fabrication technology in terms of miniaturization process; magneto-optical inducing could affect the functionalities of other devices in the system, requiring high input power and a large integration area. These shortcomings are motivations for researchers to find alternative solutions to obtain ALT effect.
Recently, great attention has been paid to the ALT effects in reciprocal, passive, and linear systems. Here, only * mirbek.turduev@tedu.edu.tr by breaking the spatial symmetry of the linear and timeinvariant system, desired mode conversion can be achieved, which provides high transmission asymmetry between the forward and backward directions. ALT effect can be achieved by using reciprocal systems including conventional photonic crystals (PCs) [12] [13] [14] [15] [16] , grating structures [17] [18] [19] , mode order converters [20, 21] , metasurfaces [22, 23] , and chiral metamaterials [24, 25] . Another interesting approach to achieve ALT effect is to use artificial materials that exhibit zero refractive index [26] [27] [28] [29] . It is also possible to obtain zero refractive index by periodic PCs that exhibit simultaneous zero permittivity and permeability at the accidentally degenerated particular frequency called the Dirac-like point [30] [31] [32] [33] . It should be noted that our proposed approach to achieve ALT effect does not violate the reciprocity theorem [3] . Reciprocity means a complete symmetry of the forward-backward couplings between the same propagation mode channels. The asymmetry in transmission achieved in this paper regards the propagation of the incident plane waves, which project into different modes of the photonic structure and connect different mode channels for forward and backward waves, therefore ALT effect does not violate the reciprocity.
The Dirac cone and semi-Dirac cone (SDC) dispersions are encountered by examining the intersections of photonic bands of PCs at degenerate frequencies [30] [31] [32] [33] [34] . These conical shapes of dispersion ensure that all-dielectric PCs exhibit a zero refractive index behavior at a particular frequency of "accidental" degeneracy [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . Although both Dirac-like and SDC dispersion relations possess The band diagram of the corresponding PC structure for TM polarization. The zoomed inset shows a doubly degenerate state, i.e., SDC dispersion at the point, at the normalized frequency of a/λ = 0.457, here the SDC dispersion that comprises a flat band, a quadratic band, and two linear bands. The electric-field eigenstates at the doubly degenerate point are also given as insets. (c) Effective medium parameters for both X and Y propagation directions of the proposed SDC PC. (d) Normalized transmission efficiency of the PC structure at SDC for different angles of incidence of the incident wave that propagated along the X direction.
effective zero refractive index, the main difference lies behind the dual relation of relevant constituent parameters (ε eff , μ eff ). That is to say, PCs exhibiting Dirac-like cones show an impedance-matched epsilon-and-mu-near-zero (EMNZ → ε eff ≈ 0, μ eff ≈ 0) characteristic along both transverse ( Y) and longitudinal ( X) propagation directions. On the other hand, the SDC dispersion relation ensures that PCs behave as an EMNZ material for one symmetry axis (e.g., X) and an impedance-mismatched epsilon-near-zero (ENZ → ε eff ≈ 0, μ eff = 0) material for the transverse symmetry axis (e.g., Y). Here, the emerged accidental degeneracy phenomenon exhibits very interesting dispersion characteristics near the semi-Dirac point such as strong anisotropic wave transport due to EMNZ effect. Another interesting characteristic is that the light wave can propagate through the structure only in the case of normal incidence in the vicinity of degenerated frequency. This means that, by appropriately shaping the boundaries of the zero refractive index material, one can easily obtain ALT effect.
In this paper, we propose a unique technique to achieve ALT by incorporating evolutionary optimization with the SDC dispersion phenomenon. The evolutionary optimization algorithm known as differential evolution (DE) is applied to optimize the initially periodic PC structure exhibiting SDC dispersion effect. We report the application of an optimization algorithm to design a PC device based on SDC effect. It should also be noted that the idea of using an optimization approach to design a photonic structure attracts great attention [40, 41] . To date, a variety of optimization algorithms has been proposed as a design approach to form unique optical devices based on PCs such as lenses [42] , mode order converters [43] , cavities [44] , large photonic band-gap structures [45, 46] , optical couplers [47] , and obtaining of a semi-Dirac-point [32] .
The paper is organized as follows. First, in Sec. II, we perform plane-wave expansion (PWE) method for a rectangular lattice of cylindrical dielectric rods for designing a PC structure with a semi-Dirac point in photonic bands. Then, the integration of finite-difference time-domain (FDTD) method into the DE algorithm, which brought us to the ALT effect for two opposite directions of light, is presented. In Sec. III, the physical mechanisms for ALT are related with the scattered fields in the region of an intelligently distorted lattice and the excitation of the designed PC. Next, in Sec. IV, the numerical results of the designed PC structure are supported by experiments in the microwave regime, with a good agreement. Finally, Sec. V concludes the paper, by completing numerical and experimental results with physical interpretations.
II. SEMI-DIRAC CONE DISPERSION AND ASYMMETRIC LIGHT TRANSMISSION
The PC structure in this paper consists of a rectangular lattice of cylindrical dielectric rods in an air environment, as shown in Fig. 1(a) . The relative permittivities of air background and dielectric alumina (Al 2 O 3 ) rods are selected as ε air = 1.0 and ε rod = 9.80, respectively. The dielectric rods have a radius of R = 0.29a, and the distances between the centers of rods are fixed to x = 1.0a and y = 1.40a for x and y directions, respectively, where a scales the lattice constant. The rectangular lattice PC structure, the basis platform for optimization, consists of 10 and 15 columns in x and y directions, respectively. In Fig. 1(a) , the corresponding PC is shown with structural parameters indicated in insets. In order to investigate the dispersion properties of the rectangular lattice PC structure, its band structure is numerically calculated for transverse-magnetic (TM) polarization, where magnetic field components are in the xy plane (H x , H y ) and the electric-field component (E z ) is perpendicular, by applying the PWE method [48] . As can be seen from the center of the Brillouin zone given in Fig. 1(b) , the third and fourth TM polarization bands intersect at the normalized frequency of a/λ = 0.457, where λ denotes the wavelength in free space, and the intersection region is emphasized with a red-colored circle. This "accidental" doubly degenerate point is referred to as the semi-Dirac frequency where the periodic structure behaves as EMNZ and ENZ materials in the X and Y propagation directions [31, 32] , respectively. Here, the term "accidental" originates from the fact that such dispersion exists only for certain structural parameters of a PC unit cell and does not appear as a result of symmetry. According to Ref. [31] , there are certain requirements that the periodic photonic structure should satisfy in order to exhibit zero refractive index characteristics. First, at around the semi-Dirac point, the dispersion relation should consist of a flat band, a quadratic band, and two linear bands. Second, at the doubly degenerate frequency, electric-field eigenstates should comprise a monopolar state and a dipolar state. In order to explore SDC dispersion in detail, to see whether it meets the mentioned requirements, a magnified view of the doubly degenerated region is presented as an inset in Fig. 1(b) . As can be seen, in the vicinity of the semi-Dirac frequency, dispersion curves consist of two linear bands for the X propagation direction and also consist of a flat and a parabolic band along the Y propagation direction. Furthermore, eigenstates of the third and fourth dispersion bands at the doubly degenerate point are also given as insets in Fig. 1(b) . As can be deduced from the electric-field profiles, the presented SDC dispersion relation arises by accidental degeneracy of monopolar and dipolar modes.
In order to investigate the constitutive relations of the proposed PC structure, PWE method is used to extract effective medium parameters [see Fig. 1(c) ]. As one can see, effective optical parameters along the X symmetry axis [ε eff (x), μ eff (y)] intersect at the frequency of the semi-Dirac point (a/λ = 0.457) and are equal to the value of zero [ε eff (x) ≈ 0, μ eff (y) ≈ 0] at this frequency, which validates that the given medium shows an EMNZ characteristic along X. On the other hand, for the Y propagation direction, only effective permittivity converges to zero [ε eff (y) ≈ 0] at the semi-Dirac frequency and the effective permeability is not equal to zero [μ eff (x) = 0], which corresponds to the ENZ phenomenon for a given medium along the Y propagation direction.
As is known, the reflection of electromagnetic waves upon a zero index material (ZIM) critically depends on the incident angle of light. When Snell's law of refraction is applied to the air-ZIM interface (n air θ incident = n ZIM θ refracted ), the acceptance angle of ZIMs is calculated to be θ incident = 0
• since the refractive index of ZIM is equal to zero, n ZIM = 0. In other words, θ incident must be 0°in order to satisfy the equation of Snell's law of refraction. Therefore, θ incident = 0
• can be defined as a critical angle for a perfect ZIM [34] . Thus, incidence at the nonzero angle results in a rapid decrease of transmission efficiency and in a strong reflection of the incident light. The periodic structure is sequentially excited by TM polarized Gaussian sources with different incident angles operating at the semi-Dirac frequency of a/λ = 0.457. The transmission efficiency is measured at the exit surface of the PC structure. The dependence of the transmission on angle of incidence is shown in Fig. 1(d) where increase of the angle evidently decreases the forward transmission of the light. The corresponding angle sensitivity of the transmission can be associated with particular dispersion of an EMNZ characteristic along the X direction in the SDC PC structure. As can be seen from Fig. 1(b) , the semi-Dirac point appears at the point.
The band gaps emerge only under oblique incidence and the light can penetrate through the structure only under normal incidence. This angle-sensitivity dispersion of the SDC PC structure motivated us to design an all-dielectric ALT device by using the optimization approach. The main goal of the paper is to generate efficient and compact grating like a medium behind the SDC PC region to achieve asymmetry between forward and backward light transmissions through the optimized PC medium at the semi-Dirac frequency of a/λ = 0.457.
In this paper, we applied the DE algorithm [49] to achieve asymmetric light transmission in a PC structure that exhibits the SDC dispersion phenomenon. Specifically, the SDC PC structure subjected to optimization consists of ten columns of dielectric rods is shown in Fig. 2(a) . In order to employ the excitement condition of the EMNZ characteristic of the SDC PC medium at normal incidence, three columns of the SDC PC structure (SDC region) are fixed throughout the optimization process, and seven remaining columns are considered as an "optimization region" to obtain ALT effect. The DE algorithm intelligently determines the positions of dielectric rods of the optimization region along the transverse y axis. To prevent the overlapping of dielectric rods in a column, minimum and maximum distances between rods along the y direction are fixed to y min = 0.60a and y max = 2.0a, respectively. The optimization algorithm is integrated with two-dimensional FDTD method [51] and normalized transmission efficiencies are calculated for forward and backward directions at the semi-Dirac frequency of a/λ = 0.457. Throughout the optimization process, the DE algorithm iteratively minimized the predefined cost function to obtain ALT effect as follows:
where T F and T B denote the normalized transmission efficiencies of forward and backward directions, respectively, for the iteratively designed PC structure during the optimization process. The optimization was manually terminated when the algorithm converged to a good solution and did not further improve for several iterations.
It is important to note that the optimization algorithms do not search the entire solutions space but try to find a possible good candidate solution according to the defined cost function. As a result, the obtained solutions do not imply that it is the global minimum of the problem. On the other hand, the number of design parameters and a multiobjective cost function may affect the convergence performance of the algorithm, which is still superior to the brute-force sweep of the design parameters. The main purpose of applying an optimization algorithm is to acquire a solution which provides the desired properties for the system, not to search for the global minimum of the solution space.
The perspective and top views of the designed compact ALT PC structure are depicted in Fig. 2(b) where the blue and red arrows represent the forward transmission and backward reflection, respectively. The lateral and longitudinal sizes of the optimized PC structure are equal to L x = 9.58a and L y = 20.18a, respectively. The optimized PC structure is excited by a Gaussian source for both forward and backward directions. In order to calculate the transmission efficiencies, the monitors are placed at the exits of the optimized PC structure. In Fig. 3(a) , the calculated normalized transmission efficiencies for forward and backward excitations are plotted. As can be seen, an ALT characteristic is obtained at the vicinity of the semi-Dirac frequency. The transmission efficiencies of forward and backward excitations are calculated as T F = 82% and T B = 3%, respectively, at the operating frequency of a/λ = 0.457, which is indicated by the vertical dashed line in the same plot in Fig. 3(a) . If we define an operating bandwidth of the designed PC structure by restricting the forward transmission efficiency to be higher than 75%, it covers the normalized frequencies between a/λ = 0.4555 and 0.4571, which equal to a bandwidth of 3.5%. Also, the backward transmission efficiency is below 20% in the determined bandwidth.
In addition, to evaluate the performance of the induced ALT effect, we calculated the extinction ratios for both forward (ER F ) and backward (ER B ) excitations and plotted the results in Fig. 3(b) . The extinction ratio of forward excitation can be mathematically represented as follows:
where the R F denotes the forward reflection efficiency. Analogously for backward excitation,
The calculated ER values of forward and backward excitations are equal to ER F = 7.7 dB and ER B = −14.8 dB, respectively, as indicated in Fig. 3(b) . The calculated positive ER F indicates high transmission efficiency along with low reflection for forward excitation whereas high reflection with very low transmission efficiency in backward excitation results in a negative ER B value.
In order to get a picture of light distribution within the ALT PC structure at the semi-Dirac frequency, we depicted the numerically calculated steady-state electric-field (E z ) distributions for forward and backward excitations in Figs. 3(c) and  3(d) , respectively. The FDTD simulation region is surrounded by perfectly matched layers during the optimization process [50] . In Fig. 3(c) , the light at normal incidence illuminates the optimized PC structure from its SDC region side and propagates with a low reflection at the surface through the SDC region along the x axis. As the light enters the optimized region, due to incident angle sensitivity of the SDC PC medium at the semi-Dirac point, the light is scattered and divided into two branches while exiting the structure. Still, the transmission efficiency is as high as 82% as shown in Fig. 3(a) . In contrast, as can be seen in Fig. 3(d) for the backward excitation case, the incident light enters from the DE optimized region and seems to be guided around the x axis. When the incident light with planar wave fronts enters the optimized structure, it starts to scatter due to irregularly distributed dielectric rods. Hence, wave fronts of propagating light inside the optimized region become fairly distorted. As a result, propagating light through the DE region cannot enter the SDC region due to nonzero angle of incidence and reflects back from the SDC PC surface. Thus, we can observe ALT effect at the output of the optimized PC structure with forward and backward transmissions of 82 and 3%, respectively.
Although the asymmetric light propagation mechanism proposed in Ref. [27] exploits a similar concept, which is based on highly reflecting diffraction orders from a ZIM surface, there is still an additional important difference between the two papers. Here, the main difference is attributed to the type of conical dispersion relations that PC structures possess. The proposed PC structure used in Ref. [27] exploits the Dirac-like cone phenomenon, in which the periodic medium behaves as an impedance-matched SDC medium along both transverse propagation directions (x and y directions). In general, Dirac-like cone-based PC devices require reflective boundaries, e.g., perfect electric conductors (PECs), to return the light propagation along undesired directions [30] : if one does not use PEC-like materials to prevent power leakage, transmission efficiency of the photonic devices may dramatically reduce. On the other hand, differently from the concept given in Ref. [27] , we utilize the anisotropic dispersive nature of the SDC phenomenon, which ensures that a periodic medium behaves as an impedance-matched EMNZ material and an impedance-mismatched ENZ material for different propagation directions. For the PC structure given in Fig. 1(a) , corresponding effective parameters of the periodic medium are not equal to zero simultaneously (ε eff ≈ 0, μ eff = 0) along the y direction. This characteristic ensures that the optical impedance along the y direction has larger values than air since Z = μ/ε. Furthermore, thanks to the impedance mismatch between air and ZIM interfaces, the light transmission efficiency decreases along the y direction. Thus, the proposed PC structure does not require reflective boundaries along the y direction, since the electromagnetic waves propagating inside the PC structure are confined along the y direction due to ENZ medium effect and can only advance through the x direction due to EMNZ medium effect. Here, the self-confinement of light inside an asymmetric light transmission device may ease the implementation process of photonic applications by reducing the requirements of zero refractive index PCs to be utilized.
245112-5

III. DISCUSSION ON THE TRANSMISSION RESPONSE OF THE OPTIMIZED ALT DEVICE BASED ON THE SEMI-DIRAC CONE DISPERSION PHENOMENON
Here the ALT mechanism of the optimized PC structure is investigated in further detail. As stated previously, the designed structure has two regions: the SDC region and the optimized region. During the optimization process, the DE algorithm optimized all seven columns of the optimization region while keeping the SDC region fixed. In order to carefully inspect and understand the impacts of each column on ALT effect, we sequentially added the columns of the optimized region one by one while keeping the three columns of the SDC region fixed and measured the transmission response of the PC structure. In a similar manner, the effect in the SDC region of the different number of columns on transmission efficiencies is also investigated for both forward and backward excitations. The corresponding transmission efficiencies are plotted in Fig. 4 . By fixing the SDC region, we added the columns of the optimized region starting from left to right along the x axis one by one and plotted the corresponding transmission measurements for forward and backward excitations in Fig. 4(a) . The sequentially added columns are indicated in rectangular frames and their schematic representations are given as insets in the corresponding plots. As can be seen from Fig. 4(a) , the transmission efficiencies at the semi-Dirac frequency change as the columns of the optimized region are added to the structure. In the plot on the left in Fig. 4(a) , one can see the transmission efficiency plots of forward and backward excitations for the case when three columns of the optimization region were added. Here, the values of both forward and backward transmissions are relatively high, which means that there is a small contrast between them. Placing an additional two columns increases the contrast between forward and backward transmissions, which can be seen from the plot in the middle in Fig. 4(a) . In other words, five optimization columns decrease the backward transmission from 60 to 22% but also decrease the forward transmission from 90 to 60%. Finally, all seven columns give us the desired result that the forward transmission increases to 82% whereas backward transmission drops down to 3% as shown in the plot on the right in Fig. 4(a) . In this regard, we can say that the implemented optimization procedure achieved the desired ALT performance by optimizing only seven columns of the SDC PC structure.
The effect of the SDC region on transmission efficiencies for both forward and backward propagation is shown in Fig. 4(b) . As can be seen the transmission efficiencies are low for forward and backward excitations in the case of a single SDC PC column. On the other hand, if we place a second and third column in the SDC region of the PC structure, an essential increase in forward transmission and abrupt drop in backward transmission can be observed as can be seen from the plots in the middle of Fig. 4(b) . Compared to a single SDC column, the periodically placed three columns start to behave as a SDC PC medium and show its effect on the ALT PC structure. In the plot on the right of Fig. 4(b) , we added fourth and fifth columns in the SDC region to the configuration and we observed that transmission efficiency is slightly increased for forward excitation from 82 to 84%, however there occurs a considerable increment of transmission efficiency for backward excitation from 3 to 6%. Here, the SDC region surprisingly increases the transmission efficiency of the optimized region for forward excitation, i.e., the SDC region performs as an antireflection coatinglike behavior for the optimized region in forward excitation. Since the main task is to design a compact and efficient ALT PC device, the three columns of the SDC region are considered to be sufficient.
For different numbers of columns in the optimized region, the steady-state electric-field (E z ) distributions are calculated and given in Fig. 5 . In order to better understand the corresponding field distributions, the transmission efficiency plots given in Fig. 4 should be considered along with the representations presented in Fig. 5 . As can be seen from Fig. 5(a) , three columns in the optimized region provide easy field penetration of the forward propagating light through the ALT structure whereas the transmission efficiency is still considerably high for the backward excitation. When we consequently placed an additional two optimized columns in the optimized region, transmission efficiency decreases for both forward and backward excitations as indicated in the middle plot of Fig. 4(a) . Reduction of the transmission in both directions can also be deduced from the field distributions in Fig. 5(b) . Here, one can see the localization of light at two different positions along the x axis for forward direction excitation; the left one is closer to the SDC region and the right one is near to the edge of the PC structure. Moreover, one can see a reflection inside the optimized region around the localized light near the edge of the PC structure which may cause a decrease in transmission efficiency for the forward light propagation case. On the other hand, as is seen in the left plot in Fig. 5(b) , the incident light weakly penetrates through the optimized region, i.e., high reflection occurs at the entrance of the PC structure for the backward excitation case.
Lastly, as we add two more optimized columns into the PC structure, the propagating light inside the PC structure is divided into the two separate branches around the light localization regions and is channeled to the back plane of the ALT structure as can be seen in the right plot in Fig. 5(c) . For backward excitation, highly reflected light is similarly divided into two branches and propagation of light is blocked for propagation which causes the almost negligible transmission efficiency of backward light propagation as indicated in the left plot of Fig. 5(c) . From the given field distributions for both forward and backward excitations, one can see that incident light is localized in two regions and channeled to the surface between air and the optimized region. These regions, where light localizes, can be considered as cavity defects. Hence, we think that the increment in forward transmission efficiencies of five and seven columns of the optimized region is the result of cavity enhancement, i.e., a cavity enhanced transmission takes place in forward excitation. On the other hand, for backward excitation, the incident light does not reflect from the surface between air and the optimized region. In contrast, incident light enters the structure and optimization induced cavity-based light localization diffracts the light and causes a scattering effect. Therefore, scattered light excites all k vectors in the propagation direction, resulting in the blocking of light in backward penetration of the SDC PC structure due to its inherent angle-sensitivity dispersion [see Fig. 1(d) ] phenomenon at the semi-Dirac frequency point. As a result, backward illuminated light reflects back and this can be considered as the main mechanism for obtaining very low transmission efficiency for backward excitation.
It is also important to analyze the impact of the SDC region on ALT effect. For this reason, we investigated the field distributions of the PC structure changing the number of columns of the SDC region in Figs. 5(d)-5(f). In Fig. 5(d) , only one column of the SDC region is considered where the optimization region is kept unchanged. Here, for forward excitation, the incident light mostly reflects from the input surface of the PC structure, which results in very low transmission of light. However, the incident light is localized and channeled to the input surface for the backward excitation case. The low transmission for both excitation directions appears because the SDC region does not provide a desired angle-sensitive transmission effect with a single column. Next, we sequentially added three columns in the SDC region where field distribution becomes intensified for the forward case and there still exists a low penetration of light in the backward direction as can be observed in the right and left plots of Fig. 5(e) . It can be deduced from Fig. 5(e) that the transmission efficiency is increased for forward excitation and is decreased for backward excitation. Further, increasing the number of columns in the SDC region does not improve the ALT effect but increases the size of the PC structure as can be seen in Fig. 5(f) .
Next, we numerically investigated the robustness of the designed photonic structure by using FDTD method. For this purpose, we introduce some random noise to the positions of dielectric rods in the optimized part of the designed photonic structure. Here, the positions of the corresponding rods are randomly changed along both x and y axes. First, we set the probability of shift for a rod as 30%, which may be considered as an error rate of fabrication. Then, we separately define random shifts along x and y axes to be between −0.05a and +0.05a where the radius of dielectric rods is equal to 0.29a as stated before. It should be noted that the shift values vary from one rod to another. Later, we formed several photonic structures and performed FDTD simulations to calculate both forward and backward transmission efficiencies of them. According to the numerical calculations, the forward transmission efficiencies stayed above 78% whereas the backward transmission efficiencies did not exceed the value of 10%. Since the numerical results of transmission efficiencies were presented as 82 and 3% for forward and backward excitation directions, respectively, the randomly distributed rod positions did not drastically worsen the asymmetric light transmission performance of the proposed photonic structure.
IV. EXPERIMENTAL VERIFICATION OF THE NUMERICALLY ANALYZED ALT EFFECT IN THE MICROWAVE REGIME
The numerically demonstrated ALT effect is experimentally verified by performing the experiments in the microwave regime. The designed PC structure is prepared by periodically aligning alumina (Al 2 O 3 ) rods with a permittivity of ε rod = 9.80. The schematic view of the experimental setup is represented in Fig. 6(a) . In order to generate and detect microwaves, the Agilent E5071C ENA vector network analyzer is employed during the experiments. In microwave experiments, the lattice constant is fixed to a = 11.32 mm and corresponding diameters and heights of the alumina rods are equal to 6.60 and 152 mm, respectively. The PC structure examined in microwave experiments consists of ten columns of alumina rods. Furthermore, the overall lateral and longitudinal sizes of the designed PC structure are 108.46 and 228.46 mm, respectively. For given structural parameters, the semi-Dirac frequency is calculated as 12.11 GHz. The fabricated ALT PC structure is excited by using a horn antenna placed in front of it. The horn antenna produces Gaussian profiled microwaves and, in order to be in parallel with the excitation conditions of numerical calculations, the horn antenna is located at a distance of 20 mm away from the structure. Another identical horn antenna is placed at the back plane of the PC structure to measure the transmission efficiency of the structure. The photographic representation of the fabricated structure is given in Fig. 6(b) . The measured forward and backward transmission efficiencies are superimposed in Fig. 6(c) . Here, the forward transmission efficiency (T F ) measured as 78% whereas backward transmission efficiency (T B ) equals to 11% at the semi-Dirac frequency of 12.11 GHz.
In addition, to scan the electric-field (E z ) distribution in the back plane of the ALT PC structure, a monopole antenna is employed where the schematic of the experimental setup for field measurements is represented in Fig. 7(a) . Here, the monopole antenna is mounted on a motorized motioncontrolled scanning device that moves along both x and y directions to sweep the interested area. The monopole antenna scans the area having sizes of 50 and 220 mm in the x direction and y direction, respectively, starting 1 mm away from the ALT PC structure with 4-mm steps in both directions. On the other hand, overall field profiles for the backward direction in Figs. 7(d) and 7(e) do not match well. Such difference might be due to the inexact placement of the alumina rods in the irregular optimized region. Moreover, we should note that the amount of transmitted light is reduced in the backward direction compared with the forward one for both experimental and numerical results. Lastly, there are two different schematics depending on the excitation direction of the incident light where the ALT structure is flipped to realize different excitation directions.
Even though the mechanisms of high forward and low backward transmission efficiencies are explained as the scattering of incident light from the SDC region due to its dependency on angle of incidence, detailed clarification for the asymmetric light transmission of the proposed PC structure is still needed. Here, it is important to touch on the misuses of "optical isolation" and "unidirectional light transmission," which are different from asymmetric light transmission. According to the Ref. [3] , the optical isolation can be defined as prohibiting transmission in backward direction for all possible modes that can be excited. For this reason, an "asymmetric scattering matrix," which should be valid for all modes, is required to obtain proper optical isolation. It should be noted that an asymmetric scattering matrix can be achieved by breaking the Lorentz symmetry (reciprocity) condition. In order to violate the reciprocity, i.e., to design nonreciprocal devices, metamaterials [2] , magneto-optic materials [52] , and indirect interband photonic structures [1] are proposed. Since linear and time-independent materials do not provide an asymmetric scattering matrix, it is not possible to design an optical isolator or an optical diode by using these types of materials. Furthermore, optical isolation, optical diode effect, and unidirectional transmission of light are obtained via alldielectric designs where the functionalities of the structures are limited to a finite number of excited modes or certain diffraction mode [12, 13, 27, 53, 54] . However, it is considered to be controversial to use the term "optical isolation" or "unidirectional light transmission" for designs made of only dielectric material as discussed in Ref. [3] . On the other hand, using the term "asymmetric light transmission" is not in conflict with the reciprocity condition since asymmetric light transmission does not require an asymmetric scattering matrix [3] . Hence, we claim that our optimized PC structure provides an ALT effect and we are not claiming that the designed structure is an optical isolator because its operation is restricted to the fundamental mode of excitation for both forward and backward directions.
V. CONCLUSION
In conclusion, the asymmetric light transmission is obtained in a PC with the SDC dispersion phenomenon via the DE algorithm, which is due to particular positioning of alumina rods in a predefined optimization region along the y direction. According to the numerical analysis of the designed PC structure by FDTD method, forward and backward transmission efficiencies are calculated as 82 and 3%, respectively, at the operating normalized frequency of a/λ = 0.457, which is the frequency of SDC dispersion. Even though ALT effect is optimized for a single frequency, the structure provides an unequal amount of transmitted light for other wavelengths at the neighborhood of the targeted wavelength. The physical mechanism of the designed asymmetric light transmission is the following: the distorted wave fronts from the irregular part of the photonic structure broaden the angular distribution of the backward incident wave, and the large angle components efficiently reflect from the interface between the regular and optimized part of the photonic structure. Large angle components do not couple into the zero index material efficiently. On the other hand, the waves outcouple from the zero index material to the optimized region quite efficiently. This is the main physical principle of the asymmetry. The optimization procedure, explored in detail in this paper, allows enhancing this asymmetry to its maximum values by, respectively, increasing and reducing the scattering in the optimized area for backward and forward waves. Furthermore, we performed experiments in the microwave regime to verify the presented numerical results. A good agreement between experimental and numerical results is obtained. At the frequency of 12.11 GHz, transmission efficiencies are measured as 78 and 11% for forward and backward excitations, respectively. It is important to note that the optimization algorithm is applied to design a photonic device based on SDC dispersion.
